To understand and control the interfacial properties of polydiacetylenes (PDAs) vesicles with π-conjugated backbone is very important for their colorimetric sensing of chemical and biological targets. In this work, we adopted 10, 12-pentacosadiynoic acid (PCDA) as the model molecule to prepare PDAs vesicles in aqueous solution with different forms (from monomer to blue-to-purple-to-red phase) by controlling the UV irradiation dose. The variations of the interfacial conformation of PDAs vesicles during chromatic transitions were inspected by the adsorption behaviors of probe molecules (4-(4-diethylaminostyry)-1-methylpyridinium iodide, D289) on vesicle surface with surface-specific second harmonic generation (SHG) and zeta potential measurements. Resonant SHG signal from D289 adsorbed on vesicle surface attenuated sharply, and the adsorption free energy as well as the corresponding two-photon fluorescence signal decreased slightly in chromatic transitions. While, the change in the surface density of the adsorbed D289 molecules for PDAs vesicles with different forms was relatively small as estimated from zeta potential measurements. The attenuation of the SHG intensity was thus attributed to the overall order-disorder transition and the changed orientation of D289 molecules caused by the gradual distortion of carboxyl head group driven by backbone perturbation.
I. INTRODUCTION
Polydiacetylenes (PDAs) with π-conjugated backbone consisting of alternating ene-yne structures undergo colorimetric transitions with external stimuli. This effect has attracted much attention due to its potential applications in colorimetric sensing of chemical and biological targets [1−6] . Understanding the physical mechanism of chromatic transitions is vital in the designing and controlling of the colorimetric properties of PDAs-based sensors. Researchers have probed the colorimetric properties of PDAs by UV-Vis absorption [1, 2, 7] , FTIR [6, 8] , Raman [9, 10] , transient absorption spectroscopy [5, 6] , and so on. A number of studies revealed that the structural distortion in the alternat- † These two authors contributed to this work equally.
* Authors to whom correspondence should be addressed. E-mail: ganwei@hit.edu.cn, yuanqunhui@hit.edu.cn ing ene-yne backbone is responsible for the color change of PDAs [1, 7, 11−16] . It was revealed that external stimuli induced changes in the conformation of the side chains attached to the polymer backbone and excited strain on the planar conjugated ene-yne backbone. This strain was then relieved by the breaking of the planarity of the polymer, which decreased its effective conjugation length and led to a blue shift in the electronic absorption maximum [10−12] . It was also manifested that the blue and red phases differed in their short-and longrange structural order [17] , and the phase transition was accompanied by the reorganization of the tilted side chains [18−22] . Most studies on the change of PDAs structure in chromatic transitions were based on Langmuir or LangmuirBlodgett (LB) films, or the bulk characteristics of vesicles in solution, while direct detection of the interfacial properties of PDAs vesicles was seldom reported. In this work, we intend to explore the interfacial structures of PDAs vesicles in aqueous solution using second-order nonlinear optical method bearing exquisite surface sen-sitivity.
As a specific spectroscopic tool in surface/interface studies, second-order nonlinear optical methods, including second harmonic generation (SHG) and sum frequency generation (SFG), have been widely used to retrieve rich interfacial information including molecular orientation and conformation, moleculeinterface interaction, and reaction kinetics [23−33] . Second harmonic scattering (SHS) [34−44] has been proven effective for detecting interfacial molecular adsorption or transport processes at the curved surfaces of centrosymmetric particles, droplets or vesicles of nanoto micro-meter size suspended in liquids.
SHG measurements were also used to study the electronic structures [45−47] and chirality features [48] of PDA Langmuir or LB films in previous reports. It was verified that the dipole-forbidden state (Ag excitation state) of π-conjugated PDAs polymer could be observed by SHG spectra and the chirality of PDAs films was affected by the conformational change of PDAs chains due to metal ions. In this work, the variations of interfacial structures of PDAs vesicles during chromatic transitions were studied using SHS method. 10,12-Pentacosadiynoic acid (PCDA) was used to prepare PDAs vesicles in aqueous solution with different forms (monomer, blue, purple and red phases) by controlling the irradiation time of UV-light. Then we measured the intrinsic second harmonic response from PDAs vesicle backbone, and detected the adsorption behaviors of charged molecules (4-(4-diethylaminostyry)-1-methylpyridinium iodide, D289) onto the surfaces of PDAs vesicles with SHS and zeta potential measurements.
II. EXPERIMENTS

A. Materials
10, 12-Pentacosadiynoic acid (PCDA, 97%) and 4-(4-diethylaminostyry)-1-methyl-pyridinium iodide (D289, 98%) were purchased from Sigma-Aldrich. Chloroform (AR grade) was purchased from Tianjin Damao Chemical Reagent Factory, China. Deionized water (18.2 MΩ·cm) was purified with water purification system (WP-UP-UV-20) from Sichuan Water Technology Development Co. Ltd, China. The structures of PCDA and D289 molecules are given in FIG. 1. 
B. Vesicle preparation
PCDA monomer was dissolved in chloroform (∼400 µL) and dried under vacuum for 30 min, followed by the addition of water to 0.5 mmol/L concentration. The solution was sonicated for 20 min (KQ-300DE, 300 W, 40 kHz, Kunshan ultrasonic instrument Co. Ltd. China) at the temperature of (80±5)
• C. The vesicle solution was cooled down to room temperature and stored in the fridge at 4
• C. The solution was filtrated three times by cellulose acetate membrane with pore size of 0.8 µm to remove large aggregates before further treatment. The polymerization of vesicles was initiated using a low pressure mercury lamp (253.7 nm, Cnlight Co. Ltd, China) with power of 15 W at the distance of ∼12 cm. The photo-polymerization degree of vesicles was confirmed through the absorption spectra measured with a spectrophotometer (UV-1800, Shimadzu). The pH of the solution was measured to be 5.5±0.3.
C. Electrophoretic mobility measurement and zeta potential calculation
The electrophoretic mobility and the number mean diameter of vesicles were characterized by dynamic light scattering method (Nano-ZS90, Malvern) with the temperature set as (25±1)
• C and the measuring direction as 90
• C. All presented results were averaged data from three measurements. During the experiments the size of the vesicle kept relatively stable with standard deviation of the average diameter less than 10%, and the polydispersity index (PDI) less than 0.2. Zeta potential of vesicles was determined by the mobility values according to the Smoluchowski equation, which is normally applied at cases other than very low ionic strength [40, 49] .
D. SHS measurement
The setup for SHS measurement has been described in our previous work [39] . In brief, a commercial Ti: sapphire oscillator laser (Mira-900F, Coherent) with pulse width of ∼130 fs and repetition rate of 76 MHz was used as the fundamental laser source with the central wavelength set at 810 nm. A cylindrical quartz cell with inner diameter of 13 mm was employed to hold vesicle solution with stirring at a constant speed to avoid the laser-induced heating effect. The horizontally propagating 810 nm laser through a high pass filter (>750 nm) was focused at the cell center. SHS signal centered at 405 nm from the vesicles collected at a relatively large spatial angle (∼40 • ) range in the forward direction passed through a bandpass filter (BG39, 300−600 nm) and focused into the slit with the width of 2 mm of a monochromator (SR-500I, Andor), and then detected with a photomultiplier tube (PMT, Hamamatsu R-1527p). The PMT output was connected to a preamplifier (SR445A, Stanford Research) with an amplification factor of 5 and analyzed by a photon counter (SR400, Stanford Research). The obtained photon counts were then recorded by a computer. The experiments were performed with the laser power at 300 mW and the PMT voltage of −900 V. The polarization of the fundamental laser was set with the direction of the electric field parallel to the horizontal plane. During the measurements, the ambient temperature was kept at (22±1)
• C. Because part of the emitted SHG signal was absorbed by the vesicle solution, all the SHS intensity data shown in the next section were corrected based on the absorbance at the corresponding wavelength. In the experiments, the SHG signal passed through the bulk solution with a distance of 6.5 mm (d 1 ); the cell thickness for the measurement of UV absorption (A) was 10 mm (d 2 ), so the corrected SHG signal was calculated from the originally measured signal (I 0 ) as:
. For the SHG measurement, the aqueous solution of PCDA vesicles was divided into 6-equal portions. Then, UV-irradiation with different time (0 s, 20 s, 1 min, 5 min, 15 min, 30 min) was applied for each portion. The corresponding samples were named as PCDA, UV20s, UV1min, UV5min, UV15min, and UV30min, respectively. Then, these samples were used to collect the second-order scattering signal from the pure vesicles. Subsequently, D289 dye (2 mmol/L) was quickly added into these samples (3 mL) to achieve the desired concentration to probe the signal from D289. In the experiments D289 didn't undergo UV-irradiation. The aqueous solution of D289 dye at concentrations ≤100 µmol/L was used. From the absorption spectra of the aqueous solution of PDAs vesicles in the presence of D289 at various concentrations, the aggregate effect of D289 dye could be ruled out in this work.
III. RESULTS AND DISCUSSION
A. UV-Vis absorption spectra, size and electrophoretic mobility analysis
With the increase of the irradiation time with UV (253.7 nm)-light, the absorbance peak of PDAs vesicle solution appeared a gradual blue shifted trend with varied distribution of intensity between the multiple peaks. The spectra change was accompanied by the color conversion from colorless to blue-to-purple-to-red (FIG.  2(a) ). The subtle change in scattering may have some contributions to the decrease of the absorbance at short wavelength side with the increased UV irradiation. For the PDAs vesicles before and after UV irradiation, the number mean diameter was relatively stable (120±13) nm, red curve in FIG. 2(b) ). This made the SHS intensity analysis relatively easy because the angular distribution of SHS intensity from particles showed strong size dependence [35, 50] . After saturated adsorption of D289 molecules, the vesicle size kept unchanged within the error range. FIG. 2(b) ). Based on the known Gouy-Chapman theory and the Graham equation [40, 51, 52] , the interfacial charge density (Γ or σ) is the function of the zeta potential (ς) and the total electrolyte concentration (I) as expressed by: Here e represents the elementary charge, ε r is the relative dielectric permittivity of the solvent, ε 0 is the dielectric permittivity in vacuum, kT is the thermal energy and z is the ion valence. Based on this equation, for PDAs vesicles with different forms, the estimated interfacial charge density was (0.006±0.0003) (−e/nm 2 ) (Table I). For PDAs vesicles with saturated D289 adsorption, the corresponding interfacial charge density was listed in Table I . In this calculation the ionic strength of the vesicle solutions was estimated by comparing their conductivity with emulsions with NaCl at varied concentrations.
B. Scattering spectra from vesicle backbone upon laser excitation
Upon irradiation of 810 nm fundamental laser, the π-conjugated backbone of PDAs vesicles produced weak second-order optical scattering signal at 405 nm as well as relatively strong two-photon excitation induced fluorescence (TPF) signal around 561 nm (FIG. 3(a) ).
The intensity of the second-order scattering signal from aqueous solution of PDAs vesicles was only slightly higher than the hyper-Rayleigh scattering signal from water (inset of FIG. 3(a) ). This indicates that the intrinsic signal from vesicle backbone was relatively weak. So, it was directly subtracted to retrieve the much stronger resonant SHS signal (typically 1−2 orders of magnitude higher) from D289 adsorption to the vesicle surfaces as shown below.
Besides, the blue, purple and red phases of PDAs vesicles displayed significant features of TPF emission. The intensity of TPF signal at 561 nm from PDAs vesicles was linearly proportional to the UV-light irradiation time (FIG. 3(b) ).
C. Scattering spectra from D289 adsorbed to vesicle surface
The fluorescence emissions of D289 molecules in pure water and the aqueous solution of PDAs vesicles are displayed in FIG. 4 . The fluorescence emission of D289 molecules around 581 nm is enhanced by 3000−6000 counts/s after D289 molecules were mixed with the aqueous solution of PDAs vesicles. That is, D289 dye presents enhanced fluorescence when binding to the vesicle membranes. The fluorescence intensity shows a basically decreasing trend with the increased UV irradiation (FIG. 4(b) ). It was observed that the SHS signal from D289 adsorbed to the surface of PDAs vesicles was much stronger than the signal from the solution of vesicles (FIG. 4(a) ). According to the adsorption isotherm curves as a function of D289 molecular concentration (FIG. 5(a) ), the adsorption free energy of D289 molecules to the vesicle interfaces can be resolved based on the Langmuir model [34, 53] . Although it has been demonstrated that a modified Langmuir model can be used to achieve both the adsorption free energy and the saturated adsorption density of molecules at relatively large interfaces in the colloids or emulsions [34, 39, 50] , we failed to obtain both the two parameters in our fitting. Most possibly because of the relatively low number density of PDAs vesicles and/or low molecular density of D289 at the surface of PDAs vesicles, our fitting with the modified Langmuir model can only lead to a saturated D289 surface density close to zero. No reliable number can be deducted in the fitting. For this reason, we used the general Langmuir model in this work to retrieve the adsorption free energy of D289 molecules at the surface of PDAs vesicles. The achieved adsorption free energy firstly decreased monotonously as a function of UV irradiation time, then slowed down and leveled off after purple phase (FIG. 5(b) ). That is to say, the driving force to the vesicle surface for charged D289 molecules became weaker with the increase of UV irradiation dose. Besides, the resonant SHS signal from D289 adsorbed at the surface of vesicles decreased sharply with the increase of UV irradiation time (FIG. 6) . After 5 min's-(blue phase) and 30 min's-(red phase) UV irradiation, the signal intensity attenuated by more than 50% and 85%, respectively, compared with the initial signal intensity of PCDA vesicles with saturated D289 adsorption. In our experiment, the resonant SHS signal kept stable during ∼2 h after D289 with fixed concentration added into PDAs vesicle solution. That is to say, no permeability of D289 molecules was observed from the outer to the inner surface across the bilayer structure of PDAs vesicles. Hence, the effect of molecular transport on the attenuation of signal intensity was excluded. For the centrosymmetric system with probe molecules adsorbed on its surface, the intensity of SHS signal is proportional to the square of the product of surface coverage and microscopic hyper-polarizability with the ensemble average of all possible molecular orientations [34, 54] . Then, we will mainly discuss from these two aspects about what happened on vesicle surfaces under different UV irradiation dose which affected the intensity of SHS signal from D289 adsorption.
IV. DISCUSSION
In literatures, it was commonly accepted that the length of the conjugated framework in conjugated PDAs polymer increases with UV irradiation until the appearance of deep blue phase (max absorbance at ∼635 nm), and then it does not change much with further irradiation dose [2, 55] . The analysis in the following highlights a continuous change of interfacial conformation beyond the conjugated framework of PDAs vesicles with the increased UV irradiation.
Although the ionization constant of carboxyl head group in PDAs vesicle may decrease with the increase of polymerization degree due to its enhanced hydropho- bicity [56, 57] , the blue curve in FIG. 2(b) indicates that the interfacial charge density was almost the same (with an average value of (0.0062±0.0003) −e/nm 2 ) for PDAs vesicles with different forms. After saturated D289 adsorption, the interfacial charge density displayed a monotonous increase trend with the increase of UV irradiation time, as shown in the zeta potential plot by the green curve in FIG. 2(b) . Compared with bare PDAs vesicles, the interfacial charge density of vesicles with saturated D289 adsorption decreased by (0.0032±0.0001), (0.0027±0.0001), (0.0029±0.0002), (0.0024±0.0001), (0.0020±0.0001), and (0.0021±0.0002) −e/nm 2 for PCDA, UV20s, UV1min, UV5min, UV15min, and UV30min, respectively. Assuming this variety in the interfacial charge density of vesicles is from the adsorbed positively charged D289 molecules, a decrease in the adsorption density of D289 molecules at the surface of PDAs vesicles is expected. However, the significant decrease in the SHG scattering from the PDAs vesicles after D289 adsorption shown in FIG. 6 is not able to be explained only by this effect. If one simply estimates the intensity of SHS signal with the fact that the intensity is in proportional to the square of the surface coverage of the adsorbed dye molecules [34, 54] , the decrease of the SHS intensity is 29%±1%, 18%±1%, 44%±2%, 61%±3% and 57%±5% for UV20s, UV1min, UV5min, UV15min and UV30min, respectively, compared with the intensity of PCDA vesicles with no UV irradiation. There is a significant discrepancy between this estimation and the experimental observation shown in FIG. 6 .
This discrepancy indicates that the orientational order of the D289 molecules at the surface of PDAs vesicles also varied notably with the increased UV irradiation. Generally, the chromatic transition of PDAs from blue to red forms was attributed to the structural distortion in the alternating ene-yne backbone [1, 7, 11−16] , which was accompanied by the reorganization of the tilted alkyl side chains and terminated chains [18−22] . Because the carboxyl terminated groups of PDAs vesicles provide the interfacial adsorption sites for the D289 molecules, the reorganization process of the carboxyl chains of PDAs vesicles caused by the photo-induced backbone distortion may cause change in the orientation order of the D289 molecules. So, it is reasonable to attribute the significant decrease in the SHG scattering from the PDAs vesicles after D289 adsorption to the orientational variations of the adsorbed D289 molecules as illustrated in FIG. 7 . This illustration accorded with the side-chain disarray of PDAs vesicles during chromatic transitions based on the absorption spectra and Raman spectra studies on the bulk features of PDAs vesicles [7] . From FIG. 7 the overall order-disorder transition is accompanied by the tilt angle change of D289 molecules from closer to the surface normal to more parallel to the vesicle surface. The plot of the changed adsorption free energy of D289 molecules at the surface of PDAs vesicles shown in FIG. 5(b) indicates that the driving force to the vesicle surface for charged D289 molecules became slightly weaker during chromatic transition process. This result can be understood by the weaker adsorption interaction and chain-chain interaction between the D289 molecules and the surface of PDAs vesicles with the increased UV irradiation. The geometric constrains [58−60] from the continuous order-disorder transition of the spatial conformation of the interfacial carboxyl chains sterically hinder the electrostatic attraction interaction between the positively charged D289 molecules and the negatively charged surface of PDAs vesicles due to the decrease in the adsorption density of D289 molecules at the surface of PDAs vesicles with the increased UV irradiation. Besides, the chain-chain interaction is known to significantly influence the molecular energetics at the interfaces [40, 44] . The interaction between the D289 molecules and the carboxyl chains of PDAs may be weakened by the ragged distortion and interleaving of the carboxyl chains in chromatic transitions from monomer to blue-to-purple-to-red forms as shown in  FIG. 7 .
FIG. 3 also shows that not only the red form, but also the blue and purple forms of PDAs vesicles have TPF emission. This result was different from the traditional view on the single-photon excitation induced fluorescence that the blue phase of PDAs chains, films and vesicles was non-fluorescent and only the red phase showed fluorescence [3, 61−66] . This result may be understood from several aspects: For TPF, the background signal is strongly suppressed due to the multiphoton absorption; Two-photon excitation typically uses near-infrared excitation light (810 nm for this work), which can minimize scattering in the vesicles and lead to an increased penetration depth [67, 68] ; Besides, the relatively high peak power density (43±4 MW/cm 2 ) of excitation source also contributes to the high emis- FIG. 7 Simple model for the continuous movement of carboxyl terminated chain affecting the orientation of adsorbed D289 molecules on the surface of PDAs vesicles in chromatic transitions from monomer to blue-to-purple-to-red forms. Because the estimated surface density of D289 is almost 0.0025 (e/nm 2 ) which is comparable to one D289 molecule per 400 nm 2 , the actual average distance between D289 molecules should be much larger than that shown here.
sion efficiency of TPF for all the forms of PDAs vesicles. In addition, the fluorescence intensity around 581 nm of D289 molecules shows a basically decreasing trend with the increase of UV irradiation (FIG. 4(b) ). Aminostyryl dyes are known to present enhanced fluorescence and emission shift when binding to membranes [69, 70] . So, this observation reveals that the interaction between D289 molecules and PDAs vesicles becomes weaker with the increase of UV irradiation, which accords with the decrease of SHG signal and Gibbs free energy of adsorbed D289 molecules and the order-disorder transitions of the PDAs chains at the surface of PDAs vesicles.
V. CONCLUSION
In this work, we inspected the interfacial conformation of PDAs vesicles in chromatic transitions by the adsorption behaviors of charged molecules on the bilayer surface with SHG and zeta potential measurements. The results revealed that the adsorption of D289 molecules on the bilayer surface of PDA vesicle was evidently influenced by the chromatic transitions from monomer-to-blue-to-purple-to-red forms. It was observed that the adsorption free energy of D289 molecules at the surface of PDAs vesicles decreased with the increased UV irradiation. Also, the SHG scattering from the adsorbed D289 significantly decreased with the increased UV irradiation. This decrease was not able to be completely explained by the slight decrease of the adsorption density of D289 molecules. This phenomenon was then explained by the idea that the orderdisorder transition significantly affected the orientation of adsorbed D289 molecules. The relatively smaller adsorption free energy, lower adsorption density and the less ordered D289 molecules at the surface of the PDAs vesicles support the fact that the monomer-to-blue-topurple-to-red chromatic transition of PDAs vesicles was also an order-disorder transition process of carboxyl terminated chains.
